D
istemper is a severe infectious disease that mainly affects dogs and other canids (5) . The causative agent is canine distemper virus (CDV), which is closely related to measles virus (MV) (23) . CDV belongs to the genus Morbillivirus in the family Paramyxoviridae and possesses a single-stranded negative-sense RNA genome encoding six structural and two nonstructural proteins (23) . Two surface glycoproteins, H and F, play key roles in virus entry. The H protein is responsible for the receptor binding, and the F protein mediates membrane fusion. Signaling lymphocyte activation molecule (SLAM) expressed on cells of the immune system is a receptor for CDV (16) . SLAM serves as a common receptor for morbilliviruses (1) . Using SLAM as a receptor, CDV primarily replicates in lymphocytes and macrophages in the respiratory tract and then disseminates throughout the body (22) . However, SLAM-negative cells in epithelia and the central nervous system (CNS) are also affected by CDV in vivo (2, 21) . Recently, nectin4 was identified as an epithelial cell receptor for MV (13, 14) . In humans, nectin4 is expressed mainly in the placenta and, to lesser extents, in the tonsil, oral mucosa, trachea, esophagus, nasopharynx, prostate, lung, and stomach (13, 14, 20) . Although MV also exhibits neurovirulence and causes a persistent infection of the CNS, subacute sclerosing panencephalitis (SSPE), neither SLAM nor nectin4 was detected in neural cells of the human CNS (13, 14, 20) . The frequency of SSPE is 1/5,000 to 1/100,000 in reported cases of acute measles (3, 19) . In contrast, acute infection of animals with CDV is often accompanied by severe neurological manifestations, which are rarely seen in patients with acute measles (2, 21) . The aim of the present study was to elucidate the roles for nectin4 in CDV pathogenesis, including its neurovirulence.
Six wild-type CDV strains (Ac96I, 007Lm, Th12, M24Cr, 55L, and 82Con) isolated from dogs with distemper by using Vero.DogSLAMtag cells were employed in the present study. Some of these strains were reported previously (7, 8, 10) . Within 2 days after infection, they all induced syncytia in Vero cells constitutively expressing dog nectin4 (Vero/dNectin4), but not in the parental Vero cells (Fig. 1A, B , and C). The formation of syncytia was completely blocked by 20 g/ml of a goat anti-human nectin4 polyclonal antibody (R&D Systems) and clearly reduced by 10 g/ml of the antibody (Fig. 1D ). Production of infectious virus particles was inhibited by the anti-nectin4 antibody in a dosedependent manner (Fig. 1E ). Although CDV replicated poorly in Vero cells, it replicated efficiently in Vero/dNectin4 cells (Fig. 1F) , as observed in Vero.DogSLAMtag cells. CDV produced plaques in Vero.DogSLAMtag and Vero/dNectin4 cells, but not in the parental Vero cells, although PFU were reduced by ϳ3-fold in Vero/ dNectin4 cells compared to Vero.DogSLAMtag cells (Fig. 1G ). The size of plaques was also smaller in Vero/dNectin4 cells than in Vero.DogSLAMtag cells (Fig. 1G ). These findings indicate that dog nectin4 functions as a CDV receptor, similar to the case with MV (13, 14) .
Seven dogs with distemper were necropsied, and tissues were subjected to histopathological analyses. Hematoxylin and eosin staining of the tissue samples revealed pathognomonic changes with CDV infection, including lymphoid depletion, catarrhal enteritis, bronchointerstitial pneumonia, and nonsuppurative encephalitis (data not shown) (9) . Eosinophilic intracytoplasmic and intranuclear inclusion bodies were observed in the brain, lymphoid organs, and lung (data not shown). Immunohistochemical double staining for CDV antigen and nectin4 was conducted in two ways. In the first method, CDV antigen was stained pink by Fast red II and nectin4 was stained brown by diaminobenzidine (Fig. 2) . In the second method, CDV antigen and nectin4 were labeled with the red fluorescent probe Alexa Fluor 594 and green fluorescent probe Alexa Fluor 488 (Fig. 3) . Nectin4 was expressed in all epithelia of the lung, kidney, intestine, and urinary bladder ( Fig. 2A to D and 3A to C and data not shown). CDV antigen was detected in accordance with some of the nectin4-positive epithelial cells ( Fig. 2A to D and 3A to C and data not shown). Impor- tantly, and in contrast to the reports for humans, nectin4 was detected in the brain of dogs, and CDV antigen was preferentially detected in the nectin4-positive neurons (Fig. 2E to G and 3D) . These findings suggest that nectin4 may contribute to infection of the CNS with CDV.
Although SLAM is not expressed in epithelial and neural cells, CDV antigen is often detected at high levels in the epithelia of various organs and the CNS of dogs with distemper (21) . Several candidate molecules that support SLAM-independent CDV infection have previously been reported. Fujita et al. (6) reported that a heparin-like molecule supports the entry of CDV into cells of the human embryonic kidney 293 cell line. CD9 has also been described to support cell-to-cell fusion by CDV (12, 15, 17) . A recent study further showed that chicken embryo fibroblasts and monkey kidney Vero cells express unidentified receptor molecules for CDV with molecular masses of 57 and 42 kDa, respectively (4). However, that study did not provide a solid conclusion for the in vivo epithelial and neural receptors of CDV (4, 6, 12, 15, 17) . For MV, a breakthrough came with the identification of nectin4 as an epithelial receptor for the virus, implying an efficient mechanism for MV transmission, although the mechanisms for MV infection of neural cells remained unclear (13, 14) . In the present study, we investigated CDV as a model of morbillivirus infection of the CNS, since the virus often causes severe infection of the CNS in infected animals (21) . Our data demonstrated that dog canine nectin4 functions as a CDV receptor and is expressed in neural cells of the brain as well as the epithelia of various organs. In the brain, nectin4-positive neurons were preferentially targeted by CDV. Therefore, CDV infection of the CNS could be partly explained by the knowledge that dog canine nectin4 acts as a receptor for CDV. Like SLAM, nectin4 seems to be a common receptor for morbilliviruses, because critical residues of the H protein required for nectin4 binding are highly conserved among morbilliviruses (11, 18) . Thus, the findings in the present study contribute to our understanding of the pathogenesis of CDV, and possibly other morbilliviruses.
